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1. Introduction
Landslides  are  common  occurrence  throughout  the  island  of  Jamaica.  They  are  typical
located in upland areas of Jamaica and occur when highly susceptibility rocks, and/or soils
masses on slope are triggered by earthquake and/or extreme rainfall activities (Zans,1959;
Ahmad and Robinson, 1986; Barker and McGregor;. 1995; Morais, 2001: Matthew,  and Dyer,
2002; ODPEM, 2006). The parish of St Thomas (see Figure 1) is one area of Jamaica that is
highly susceptibility to slope instability with a high density of landslide within the Country (see
Figure 2).  Landslide occurrences are common within St Thomas, with the most destructive
inland landslide on the island occurring here. The Judgement Cliff landslide (see Figure 3)
occurred in  1692, and resulted in the loss of  19 lives and the destruction of a village and
plantation that was in its path (Zans, 1959). By far the most significant and frequent landslide
trigger within this parish is rainfall.  During periods of heavy rainfall roads within the parish
roads are blocked and/or damaged by landslides (JGN, 1998a and OPDEM, 1999: ODPEM,
2002b; Morais, 2001; ODPEM/CDB, 2003). The consequences were that several villages and
towns were isolated and cut off from essential services and supplies and farmers were unable
to transport  food produce to  market  and for processing.   The cost  from these landslides
damages runs into millions of dollars, but no concrete figures can be given for the damage
cause by landslides over the years. (JGN, 1998b). Landslides also result in damage to forest
and the damming of rivers for example the Cascade River in the parish, which rose to over
17m above its  normal  level  in  November 1909 (ODPEM, 2002b).  The landslide dams in
particular  may  prove  disastrous,  as  when  they  are  breached,  they  result  in  flooding
downstream, often with little warning, damaging agricultural fields, livestock and houses on
the plains. Landslide activity result in severe hardship when for example agricultural fields and
connected  road  network  are  damaged,  various  eco-tourism  attractions  and  ‘light-
manufacturing’ and food processing industries are affected (Smith, 2005).
Figure 1. Location of the parish of St. Thomas
Figure: 2   Geographical distribution of major landslides in Jamaica (source: modified from 
Barker, and McGregor, 1985)
Figure 3. The Judgement Cliff landslide, site of devastating landslide in 1692
1.1  General characteristics of the study area 
The Parish is located at the eastern section of the island (see Figure. 1). It is bordered by the
Caribbean Sea to the south and east, Kingston to the west and Portland to the north. The
parish covers an area of  approximately  742 km2.  St  Thomas in  characterises  by  rugged
mountainous interior, with steep slopes to the north, marshes and wetlands to the eastern
sections  and  narrow coastal  flats  to  the  south,  where  it  meets  the  Caribbean Sea.  The
elevation ranges from sea level at the coast to 2256 metres in the northern sections (see
Figure.4) that form part of the Blue Mountains, which is the highest mountain in the country. In
the  mountainous  and  hilly  areas  there  is  a  high  density  of  fast  flowing,  erosive  streams
forming a dendritic drainage pattern on the landscape. These streams merge as they flow
southwards to form the three major rivers within the parish. The major rivers are the Plantain
Garden, Morant and Yallahs river (see Figure 4). As these river approaches the Caribbean
Sea, broad alluvium flood plains are formed. These alluvium plains are site of large sugar
cane and banana plantations, housing and commercial developments and mining activities. 
Data from the Meteorological Office of Jamaica (MOJ) indicates that the 30-year average
rainfall for the parish is 2288mm with over 80% of the rainfall occurring during the hurricane
season from June-November. The highest monthly rainfall intensity occurs during the month
of  October  (MOJ,  2003).  Rainfall  is  highest  in  the  interior  of  the  parish,  particularly  in
mountainous regions within the vicinity of the Blue Mountain. 
The  major  rock  types  in  the  area  are;  Limestones,  Volcanics,  Schist,  Volcaniclastics,
Sandstone/Shale sequences and Alluvium (see Figure 5).  Rocks in the area are extensively
faulted as a result of the numerous faults present in the area, with the major faults being the
Plantain Garden fault, a section of the Blue Mountain fault and the Wagwater Fault system.
Figure 4 relief map for the Parish of St thomas
Figure 5. Geology map for the parish of St Thomas
1.2 Rainfall induced landslides 
Rainfall  induced  landslides  are  a  common  occurrence  throughout  Jamaica  and  more
particularly within the parish of St Thomas. Following moderate to heavy rainfall, blocked and
damage  roads  as  results  of  landslide  activities  are  common  occurencies  throughout  the
parish. In The last 20 years there has been significant event following rainfalls associated
with: Hurricane Gilbert, September, 1988; tropical depression, May 1991 (Carby and Ahmad,
1996);  tropical  storm  Gordon,  1994;  Hurricane  Mitch,  1998;  tropical  depression
October/November,  2001;  tropical  depression,  May/June,  2002;  Hurricanes Isodore,  2002
(Ahmad et al., 2002); Hurricane Lilli, September, 2002 (Matthew and Dyer); Hurricanes Ivan,
2004; Hurricane Emily, 2005;  Hurricane Wilma, 2005 and Hurricane Dean, 2007.  One event
during this twenty year period that was particularly disruptive was this one associated with
rains of May/June, 2002.  Numerous landslides were triggered blocking and destroying roads,
destroying agricultural fields and damaging utility network (Miller et al, 2007). The resulting
severe damage to the built and natural environment and economic hardship caused, brought
landsliding and its impact  to the forefront  of  national attention and highlighted the lack of
scientific  information  to  guide  planning  and  landslide  management  (ODPEM/CDB,  2003).
The severe impact of the landslides and the need for sound scientific knowledge to guide the
planning process to reduce their impact provided the impetus for this research. This research
aimed to map the location of all landslides in the area and to provide scientific-based tools
(models)  which  highlights  the  varying  susceptibility  of  the  land  surface  as  well  the
intensity/duration of rainfall capable of triggering landslide in the study area. It is envisage that
this information may be used to guide land-use and disaster planning. The scientific-based
tool development by this research include landslide thresholding and landslide susceptibility
models
1.2.1. 2002  rainfall event
Between 21st May and 4th June, 2002 due to  a broad surface trough associated with a low
pressure the island experienced extreme high rainfall intensity (MOJ, 2003).  As result of this
extreme  high  rainfall  intensity,  there  was  widespread  flooding  and  landsliding  causing
widespread  damage,  economic  hardship  and  social  disruption.  This  meteorological  event
resulting in direct damage estimated to be approximately $ US 45 million ($ Ja2.7 billion)
(ODPEM/CDB, 2003). The torrential rainfall resulted in a number of areas being declared a
disaster zone. The St Thomas region of the country was one area severely damaged and as
such was declared a disaster zone. Places such as;  Cedar Valley,  Sunning Hill,  Yallahs,
Morant Bay,  Bath,  Hayfield and Friendship (see Figure 1) experienced exceptionally  high
rainfall, resulting in extensive flooding and landsliding within the area. Approximately 46,350
residences, almost half of the population in eleven communities was directly affect by the
flooding and landslides, due to damage to buildings, infrastructures, loss of electrical power
and water  supplies  (ODPEM/CDB 2003).  Rainfall  recording  stations  at  some location  for
example in the Sunning Hill area, recorded over four times the average monthly rainfall for
May in 2002 (see Table 1).  For most areas the rainfall  recorded was the highest  rainfall
recorded in May and June over the last 30 years (MOJ, 2003).
 Table 1.   Comparison of rainfall data for May and June 2002 with monthly average and
yearly totals.
Mean May May 2002 Mean June June 2002 Mean 
annual 
total
Total 2002
Serge 
Island
218 801 193 221 1898 2518
Sunning 
Hill
249 1268 138 347 2163 3213
Cedar 
Valley
321 801 189 294 1880 2890
 Data source: MOJ, 2003
The  exceptionally  high  rainfall  intensity  experienced  in  St  Thomas,  triggered  numerous
landslides. These landslides resulted in: damage to houses (see Figures 6 and 7); damage to
roads (see Figure 8);  blocking of  roads (see Figure 9)  and damage to agricultural  lands
(MGD, 2002; ReleifWeb, 2002, Ahmad et al., 2002; USDA, 2002 and; ODPEM/CDB 2003). In
total 138 landsides were recorded within the study area and were mostly mudflows, debris
flows and translational slides (MGD, 2002). By far the greatest impact of landslide was on the
road network where 114 section of the road network was recorded as partially or completely
blocked with debris and 39 section where there was damage to the road (see Table 2). Water
mains and damage to electricity phylon was also evident which result in the lost of electricity
and water supplies to a number of community for extensive period of time (ODPEM/CDB
2003).  Whilst  landslides  were  distributed  widely  throughout  the  parish,  they  were
predominated clustered in areas where rocks were deeply weathered, along roads with steep
embankment through susceptible rocks/soil, bare slopes and on steep to moderate. Areas
underlain by weathered volcanic, volcaniclastics, shales and conglomerated were severely
affected by landslides (MGD, 2002, ODPEM/CDB, 2003, Miller et al.,  2007).  Most of the
landslides were shallow landslides (less than 10m in depth and 80m in length), which cause
severe damage to the road networks, buildings, agricultural and forest lands. There is no
doubt that deep-seated landslides has occurred within this area that has resulted in damages,
but it is the more frequent occurring shallow landslides triggered by rainfall that are commonly
causing damage, economic losses and social disruption in this region.
Table 2. Description of damage cause by landslide during the rains of May/June 2002
Description Quantities
Sections of road damage 39
Sections of road blocked 114
Electricity phylon 
damage
1
Sections  of  water  main
raptured
6
Agricultural field damage
(hectares)
148
Damage to house 5
The landslide activities of 2002 highlighted the need for a better scientific understanding of
landslide activity within the region, to derive means to mitigate their  effects and to create
susceptibility/hazard maps to better guide development in the area. This research therefore
aims  to  inventory  existing  shallow  landslide  within  the  study  area;  examine  the  rainfall
threshold for landsliding, identify the factors that conditioning the slopes for failure and to
create a landslide susceptibility model for the study area. 
Susceptibility  modelling has being performed for catchments with this region (Miller,  et al;
2007 and MGD, 2004).  None of these studies concentrated on shallow landslides particular
those likely to be triggered by precipitation. The research presented here within, highlights the
use of Geographical Information System in the creation of landslide susceptibility  models,
using  a  logistic  regression approach  and explores  how these tools  may be used for  the
management of landslides in the study area.
Figure 6. Landslide destroying houses in its path, Bath, St Thomas
Figure 7. House partially damaged by landslide in Bath, St Thomas
Figure 8. Damage cause to road in Bath by landsliding
Figure 9. Landslide resulting in partially blocked road in St Thomas
2. Rainfall thresholding
Rainfall thresholding is one the known method being adapted to aid in the mitigation of the
natural effects of landsliding (Larsen and Simon, 1993; Jakob and Weatherly, 2003, Ahmad
2003; ChienYuan et al, 2005). By calculating rainfall thresholds, it is possible to establish the
rainfall  amount/duration  that  is  required  for  landsliding  to  occurring  within  a  particular
environment/climatic  setting  (Jakob  and  Weatherly,  2003).  With  modern  technology  is
possible to forecast rainfall duration and amount. If rainfall thresholds can be established for
landsliding  for  an  area,  it  may serve  as  forecasting  tool  /  pre-disaster  planning  tool,  for
example, areas to evacuate, place shelters, inform local communities of pending danger and
mitigation strategies and where to deploy emergency equipment and supply, when there is a
pending meteorological event.
Landsliding (rainfall) Thresholding based on landslides data collected, newspaper archives,
geotechnical reports and meteorological data from the Water Resources Authority  [WRA]
(2007) over six years was carried out for the parish.  Rainfall data was used mainly from two
meteorological stations (Cedar Valley and Sunning Hill stations), which were located within
close proximity to landslide prone areas.  Data was used from 2001 to 2007, due to their
availability  and  reliability.   In  addition  landslide  mapping  has  been  undertaken  following
rainfall events during this time period. The association between rainfall intensity and landslide
occurrences can therefore be assessed. During the time period (2001- 2007), there were 2
separate  rainfall  events  within  both  areas  (Cedar  Valley  and Sunning  Hill)  that  triggered
landslides.  These events caused landsliding ranging from minor  localized occurrences  to
major catastrophic one resulting in major damage and disruption. 
The Intensity  Duration (ID)  approached (IRPI,  2008) was used,  where rainfall  intensity  is
plotted against rainfall duration. Rainfall intensity values were ploted against rainfall duration
in hours on a logarithm scale.  ID Thresholding general have the form, I =c+a Dβ.
Where I is rainfall intensity, D is rainfall duration, and c≥0, a>0, β>0 are parameters (IRPI,
2008). 
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Figure 10  Rainfall intensity threshold for sections of St, Thomas, Jamaica
The rainfall thresholding plot (see Figure 10) yield an equation (I = 53.531×D-0.602
1 < D < 120) that may used to calculate the rainfall intensity require to trigger a landslides
based on the duration of the rainfall event. This formulae may therefore be used as predictive
tool for pre-disaster planning to indication areas that maybe subjected landsliding in the event
of rainfall of a certain duration and intensity. The plot and the equation generally indicate that
rainfall events of short duration of one hour are capable of triggering landslides if they are
high rainfall intensity events.  These landslide-triggering events are not frequent and when
they occur, the landslides are localized, small and shallow.  As rainfall duration increases the
intensity required to trigger landslides is less.  From data collected it appears that once rainfall
duration reaches approximately 20hours, rainfall intensity required to trigger landslides does
not changes significantly (see Table..). The most drastic change in intensity required is in the
first 10 hours (see Table 2). This is probability due to the fact that the ground is already
saturation and the additional of more water does not significantly increases the pore-water
pressure, a known factor contributing to slope instability. 
I = 53.531×D-0.602
The landslide thresholding values calculations are comparable to those done for areas within
similar geographic and climatic settings. Landslide threshold using the ID approach has been
carried out for Puerto Rico (Jibson, 1989 and Larsen and Simon, 1993) and Jamaica (Ahmad,
2003) with which the results are compared (see Table 3). The General trend in landslide
intensity (decrease in intensity as duration increases) require to trigger landslides seem to be
the  same.   However,  when Jamaica and Puerto  Rico  is  compared,  generally  the rainfall
intensity required to trigger landslide (based on similar duration) is lower for Jamaica than
Puerto Rico.  This suggests the slopes in area of Jamaica may be more susceptible to slope
instability and therefore require lower rainfall intensity to trigger landslides that in Puerto Rico.
The  factors that may be contributed to susceptibility of these slopes are examined in Section
3.2, with an aim to create landslide susceptibility models, which may be used in combination
with the rainfall thresholding for an effective landslide management programme.
Table 3 Comparison of rainfall intensity results obtained with other studies for similar climatic/
geographic setting.
STUDIES RAINFALL DURATION (HRS)
1 10 20 40 60 80
This study 54 13 9 6 5 4
Ahmad, 2003 12 6 5 4 4 4
Jibson, 1989 63 19 13 9 8 6
Larsen and Simon, 1993 91 14 8 4 3 3
3. Landslide susceptibility evaluation
Landslide hazard assessment at a regional scale involves the identification of areas of past
and  present  instability  and  using  this  information  to  quantitatively  predict  the  spatial
distribution of  future  landsides (Guzzetti  et  al.,  1999).  In  landslide prone areas,  landslide
hazard  assessment  provides  the  scientific  basis  for  the  implementation  of  land-use,
emergency management,  and loss reduction measures (Haubin  et al.,  2005).   Landslides
susceptibility assessment was therefore the second method adapted in the research for the
management of slope instability in the study area.  
For  this  ressearch  landslide susceptibility  assessment  was carried  out  in  a  Geographical
Information System (GIS) environment,  as  GIS offers  the ability  to quickly  and efficiently
manipulate and output  large volumes of  data for large geographical  areas.  The speed at
which  large  amount  of  data  can  be  analysed  far  exceeds  that  of  traditional  methods  of
carrying  landslide  hazard  analysis  (see  Table  3.3).  GIS  also  enables  the  application  of
complex techniques that would not otherwise be feasible and practical, particularly for large
areas  if  done  manually  (Süzen,  2002).   Using  GIS,  databases  and  maps can  be  easily
updated when new information becomes available  and analysis  can be done easily  at  a
variety  of  scales.  The  use  of  GIS  has  greatly  benefited  the  field  of  landslide  hazard
assessment (Carrara et al., 1995; Huabin et al., 2005) and proved an invaluable tool in this
research.
The susceptibility modelling for this research was done in three general stages. The first step
involved the mapping of landslides and the creation of a landslide database and inventory.
The second involved the identification of  factors  contributing to  slope instability  and their
relative contribution to instability and finally the combination of the various factor maps to
create the susceptibility model based on the rules of the statistical method used (see Section
3.4). 
There  are  four  basic  principles/assumptions  that  are  applied  to  landslide  (indirect)
susceptibility assessment and zonation. These are outlined in Aleotti and Chowdhury (1998,
p23) and are as follows:
a. Landslides will always occur in the same geological, geomorphological, hydrological
and climatic conditions as in the past.
b. The main conditions that  cause landsliding are  controlled  by identifiable  physical
factors.
c. The degree of hazard can be evaluated
d. All types of slope failure can be identified and classified.
 
In  order  to  carryout  the statistical  based  susceptibility  assessment,  the  Uniformitarianism
principle was applied. Uniformitarianism in landslide context is summarised by Varnes,(1984),
in that ‘the past and present are key to the future’. By using the knowledge gained from past
and  present  landsliding,  areas  of  future  instability  can  be  predicted.  In  indirect  hazard
assessment  (except  landslide  isopleth  assessment)  the  factors  that  are  believed  to  be
contributing to slope instability, for example geology, topography and hydrology, are assessed
and a weighting value assigned to them. Weighting may be performed in a subjective manner
using  expert  opinion  (qualitative)  or  in  a  more  objective  manner  by  using  statistical  or
deterministic  methods  (quantitative).  The  weighted  maps  are  then  combined  to  create
landslide  hazard  model(s)  (see  Figure  11.).  The  steps  involved  in  creating  the  landslide
susceptibility model are as follows:
1. The factor maps are subdivided into appropriate classes and compared with the landslide
distribution map.
2.  The  classes within  individual  factor  maps are given a weighting  using expert  opinion,
statistical methods or deterministic methods.
3. Each factor map is given a weighted value, once again based on expert opinion, statistical
method or deterministic methods.
4. The weighted factors are combined to create the susceptibility/hazard model.
5. The resulting model is divided into hazard classes.
6. Validation (testing) of the model
Figure 11 Stages in indirect Landslide hazard assessment.
  
3.1 Landslide inventorying 
Major  field-base  landslide  mapping  was  undertaking  in  2002  and  was  supported  and
coordinated  the  Mines  and  Geology  Division(  MGD),  Jamaica.   Field  mapping  was
supplemented  by  data  from  geotechnical  reports,  newspapers,  and  aerial  photograph
interpretation.  The Aerial Photograph interpretation mainly involved the examination of the
1953  1:12,000-1:24000  black  and  white  photo  (flight  lines,  1A,  2-6,  9,  8,  10P  and  19)
taken by  Hunting Aerosurvey Ltd, 1953 and housed at the MGD and the Jam99-02 series, ,
1:40,000 colour photographs (flight lines, LN-90-56 to 60, 95, and 96) housed at the Forestry
Department of Jamaica.  Landslide interpreted from aerial photographs were verified in the
field and transferred to 1:12,500 topographical maps. 
 In the field additional landslides were mapped, which were not readily identifiable on the
aerial photograph.  Information recorded for these slides included; type of landslides, size,
degree of activity, relative age, depth and possible trigger.  From the mapping undertaken it
was  observed  that  most  of  the  landslides  (shallow)  were  single  rotation  slides  in  deeply
weathered rock or translational slides in soils.  Debris flows were also mapped, but most of
these were recent landslides where their morphology was still  ‘fresh’.  The low number of
these  recorded  may  be  that  evidience  for  their  existence  are  quiclly  removed  from  the
landscape due to combination of surface wash processes, agricultural activity and removal of
debris due to health and safety. The slides mapped ranged in size from 553 m2 to 912605 m2.
In total, landslides (scarp and debris) cover approximately 3.49% of the study area.
 
3.2 Evaluation of landslide conditioning factors
There are two major sets of factors that initiate slope movement; controlling and triggering
factors (Crozier, 1996). The trigger factors make the slope actively unstable and generally are
external forces acting to increase the shear stress in the ground (Terzaghi 1950; Hillel, 1998).
Controlling factors on the other hand are those factors which contributes to making the slope
unstable (susceptibility) without initiating movement (Crozier, 1996). 
The second stage in the preparation of the landslide susceptibility model was therefore to
identify the factors contributing to slope instability in the study area the identification of the
controlling  parameters  (factors)  contributing  to  slope  instability.  A  number  of  controlling
factors  were  used  in  this  research.  Their  selection  was  based  on  those  identified  by
researchers  on  the  project  as  well  as  other  researchers  on  slope  instability  in  the  area
(Ahmad et al., 2002; Miller et al…2007). These factors include: lithology, proximity to fault
lines, proximity to river channel, proximity to river-head, slope aspect, slope angle, land-use
and proximity to roads.  Not all  these factors proved to be significant contributor to slope
instability based on statistical analysis.  The one highlighted below are those indentified by
the statistical method used (Multiple logistic regression, See section…) and are discussed in
detail.
3.2.1. Geology (lithology)
Some rocks  weather  more  readily  than  others  due  to  their  mineral  component,  physical
structure and exposure to exogenic geomorphic processes that may make them more prone
to slope failure. This is more apparent in the case of shallow landslides that are more likely to
occur in superficial material  or weathered rocks than in well  lithified rocks.  Different rock
types also have different shear strength and permeability, two factors that contributes to slope
instability.  A  lithological  map  (see  Figure  5)  was  derived  from  the  Mines  and  Geology
Department  (MGD)  digital  geological  sheets  (MGD,  2002)  was  used  to  evaluation  the
susceptibility  of  various  rock  types in  the study  area.  This  information  was subsequently
modified and the attributes table updated based on additional information gleaned in the field.
The landslide distribution map was compared with the lithological map and the density of
landslides within each lithological grouping calculated (see Figure 12). The lithologies that are
most susceptible to slope instability based and statistical analysis and density calculation are;
yellow limestones, schist, white limestone, sandstone/shale sequences, coastal limestones
and volcaniclastics (see Figure 12). The most susceptible of these lithologies is the Yellow
limestone. The density is over 6%, which far exceed the average density of landslides in the
study area (3.49%). The Yellow limestone is a poorly lithified impure limestone with high clay
content and bands of clay within them. The clay bands in particular act as an impervious layer
preventing  the  free  flow  of  water  and  hence  the  build-up  of  pore  water  pressure.  This
invariably increases the shear stress in the rock and coupled with the poor shear strength of
the  material  may  be  contributing  to  slope  failure.   The  coastal  limestone  has  similar
characteristic to the yellow limestone that accounts for the high density of landslides within
them. 
Sandstone/shale sequences, particularly of the Richmond formation (MGD, 2002) are also
prone to shallow slope failures. Translational slides are common in these rocks, particularly
where  they  dip  down  slope  or  ’day-light’  unto  deeply  incised  embankment.   The
permeable/impermeable nature of the sandstone/shale sequence, the swelling nature of the
shale  and  less  incompetent  shale  compare  to  the  sandstone  also  makes  this  lithology
particularly  susceptible  to  slope  failures.  Volcaniclastic  are  predominantly  located  in
mountainous areas on steep slopes and are commonly deeply weathered that make them
particularly susceptible to slope instability.  The schists, as they are foliated rocks, already
has planes of weaknesses.  Weathering of  these rocks further makes them susceptible to
failure.
The White limestones present are superficially very hard and generally one would not expect
these rocks to be susceptible to slope instability.   However, invariable there are bands of
‘clayey’  material  within this lithology that  creates planes of weakness,  which increases its
susceptibility to slope failure.  In addition in some areas (e.g. John Crow Mountain)  these
limestone are faulted, resulting in the rock becoming highly brecciated   The faulting and
brecciation could be strongly influencing their susceptibility due to planes of weakness that
may be promoting the movement of water and acceleration of weathering. Unlike in other
lithologies,  deep-seated  landslides  dominate  within  this  lithology,  some  which  may  have
triggered by earthquakes historically.  However, it was observed that a number of these larger
landslides are being reactivated resulted in shallow rainfall induced landslides that warrant
their inclusion in the analysis. 
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Figure 12 Density of landslides within lithological classes
3.2.2 Proximity to known fault lines
Rocks that are near to an active fault tend to be fractured. This reduces the shear strength of
the rock making them more susceptible to slope failure. The fractured rocks coupled with
percolating water and possible hydrothermal fluids, increases the rate of weathering in these
regions. The weathered material has reduced shear strength, which makes it more prone to
slope failure.  The shearing of the rocks,  planes of  weakness created and acceleration of
weathering caused by faulting may contribute to the susceptibility of rock in the study area.
Fault lines were extracted from the MGD digital geological sheets (MGD, 2002) and distance
calculation done from each known fault line.   Distances created where in 100m increments
up to 700 metres. This data was analysed to assess whether the proximity to fault-lines has
any influence on the distribution of landslide. Analysis indicates that there is an association
between landslide distribution and the proximity to fault-lines, as there is a gradual decrease
in the landslide density as distance from fault-lines increases (see Figure 13).. The density of
3.7% within a distance of 100m of fault lines exceeded the average landslide density of the
area (see Figure 13). Although, there is a gradual decrease in the density of landslides as the
distance from fault lines increased, there is still a high number of landslides at distance of
more that 100 metres, which indicates that other factors for example, lithology may be playing
a  more  prominent  role  than  the  presence  of  faults  in  these  areas.  However,  it  can  be
concluded that where faults lines are present they are playing a key role is slope instability by
possible reducing the shear strength of the rock and providing conduit for water to enter these
rock, which increases the shear stress and hence the likelihood of slope failure.
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Figure. 13. Density of landslides within classes of proximity to fault line
3.2.3 Slope angle
Weathered rock and soil on a steep slope is more likely to be susceptible to slope failure than
the same material on moderate to gentle slopes (Miller, et al., 2007). The higher the slope
gradient  the greater  the shear stress and the more susceptible  to slope failure  it  will  be
(Crozier, 1996). 
A Digital Terrain Model (DTM) was created from contours and elevation points provided by
the Survey Department of Jamaica (SDoJ, 2002), from which the slope map was derived..
The slope map created was then divided into 100 classes (see Figure 9). In the field a direct
relationship between the slope gradient and landslide occurrence could be observed, with
landslide seem more common on moderate to steep slopes more than gentle slope.  This
relationship was assesses by calculating the density of landslides within each class of slope
gradient.  Analysis indicated that there is an initial increase in the density of landslides with
increased slope gradient up to 300. After 300 there is a sudden decrease in density  follow by
an increase in density for slopes between 600-700 Further analysis indicated that landslides in
weathered superficial material failed at a lower angle compared to solid rocks that showed
little or no weathering, for example the White limestone group. This is to be expected as solid
rocks generally have higher shear/cohesive strength than weathered or poorly lithified rocks
and as such, will resist slope movement at higher slope angles. The bimodal distribution of
density may explain this (see Figure 14) where the landslides in soils are failing at angles less
than 300 and those in solid geology mostly at angles above 600-700
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Figure. 14. Density of landslides within classes of slope gradient
3.2.4 Land-Use
Land-use data for this research was acquired from the Forestry Department of Jamaica.  In
the field it was observe that a high proportion of the landslides occurred within areas cleared
for small fields and/or large commercial forestry.  There were also landslides along roads cut
along the hillside for access to the larger commercial forest and housing developments. This
therefore  suggest  that  the  there  was  the  possibility  that  land-use  pattern  was  strongly
influencing susceptibility of the slopes to landsliding and was therefore included as part of the
analysis. 
Statistical analysis of the land-use data indicate that areas disturbed by human activity (fields,
commercial forest, roads) and natural events (e.g. hurricane, fire) have the highest density of
landslides (see Figure 15). Unexpectedly areas covered by broad-leave forest also have a
high  landslide  density.  This  may  have  more  to  do  with  the  underlying  geology  (mostly
volcaniclastics) which these type of tree grow on and the  high rainfall rather than the forest
itself.  The implication may be that clearing of these areas for agriculture or housing could
make these areas even more susceptible to slope instability.  Arable land and urban areas
have the lowest density of landslide. This is due mainly to the fact that both are usually in low
lying areas on alluvium plains. However there are small urban areas in mountainous regions
that are affected by landslides.
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Figure 15. Density of landslides within classes of land-use
3.3 Logistic regression analysis and susceptibility modelling for Logistic Regression
 
Logistic Regression was chosen as the preferred method to carrying out the susceptibility
modelling mainly due to its success in similar studies ((Süzen, 2002;  Dai and Lee, 2002;
Ohlmacher and Davis  2003;  Ayalew et al., 2004; Ayalew and Yamagishi, 2005; Yesilnacar;
and Topal, 2005). In addition, there are number of other advantages including its suitability to
be used with both categorised variables and continuous variables which is  typical  of  this
study. Addition, other multivariate statistical methods, for example discriminant analysis and
multiple  regression  require  that  the  data  be  normally  distributed  before  the  data  can  be
analysed. Logistic regression is a robust enough method to be used with data that is not
normally distributed (Field, 2003). 
Logistic regression has another major advantage over other multivariate statistical methods
that makes it highly suitable for the creation of landslide susceptibility or hazard maps. It is the
only multivariate method where the dependent variable can be categorical and dichotomous
(only two mutually exclusive outcomes; Field, 2003). In this case the dependent dichotomous
variable  is landslide that  can either  be present or absent.  The absence of  a landslide is
assigned a value of ‘0’ and the presence of a landslide a value of ‘1’.
Logistic regression was therefore chosen as the preferred statistical method for the landslide
susceptibility modelling because:
1. Both categorical and continuous independent variables were used.
2. The data is not normally distributed.
3. The dependent variable landslide is dichotomous.
4. The results can be expressed directly as probabilities.
The success of  this  method is  evident  by the number of  researchers who has used this
method over the last the ten years (Ayalew et al.,  2005; Yesilnacar and Topal, 2005; Ayalew
and Yamagishi, 2004;Ohlmacher and Davis 2003; Dai and Lee, 2002;  Süzen, 2002).
Logistic Regression represents a variation of multiple regression modelling and allows one to
predict  a  discrete  outcome such as  group  membership  from a set  of  variables  (Menard,
1995). These variables may be discrete (for example geology), continuous (for example slope
angle and elevation), dichotomous (present or absence of landslide), or a mix of any of the
three (Field, 2003). The logic or odds are calculated and as the result always falls between 0
and 1, thus it can be expressed directly as a probability. In logistic regression there is no
assumption that the independent variables should be normally distributed, the dependent and
independent variable(s) are linearly related, or that there must be equal variance within each
group. The major  assumption is  that multicollinearity  should be absent (Field,  2003).  The
relationship between the predictor and response variables is not a linear function in logistic
regression.  Instead, the logistic regression function uses a logit transformation of P(y) and
may be expressed as:           
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Where P(y) is the probability of an event occurring, α is the constant of the equation and  =
the coefficient of the predictor variables (x).
Where there is more than one predictor (independent) variable, the relationship between the
dependent variable and the predictor is expressed in a simpler format that can be applied to
landslide assessment by the equation:
P(y) = 1/1+e-Z.  (2)
Z= β0+ β1X1+ β2X2+…+ βnXn+ εi     
Where P(y)  is the probability of a landslide event occurring, β0 is the constant, β1, β2…βn  are
the coefficients calculated for the independent variables and X1,  X2…Xn are the values of the
independent variables, εi is the residual term (Andy Field 2003).   The probability of the event
not occurring is equal to 
1- P(y).  
Logistic regressions were carried out in SPSS™ where a backward stepwise regressions
were undertaken. In backward stepwise regression all the variables are included in the initial
regression. The variables are then removed one at a time until there is no further significant
change in the regression. This method is suitable in the selection of the final set of variables
to use when there is no reason to assign any variable higher priority in the order in which it
enters the regression (Tabachnick and Fidell, 2001). As one of the aims is that the process
should be as objective as possible, no reason to assign priority to the order in which the
variables were entered is necessary, and as such this method of regression was chosen. 
3.4 Susceptibility modelling
As mentioned above a backward stepwise logistic regression was completed.   This  goes
through a number of iterations assessing the significant of the various combination of factors
entered  as  contributing  to  slope  instability.   At  the  end  of  this  process  it  will  select  the
combination that would be most suitable for the prediction of the presence or absence of
landslides.   At the final step, a coefficient is calculated for each of the remaining factors along
with significance at the 95% confidence level. The coefficients are used to assign a weighting
to the individual independent factors and are used to create the susceptibility models. The
significant factors remaining at the final iterations are: lithology; proximity to fault-lines; slope
angle  and  land-use  (see  Table  4).   These  are  the  factors  that  the  regression  analysis
indicated are best able to predict the presence or absence of landslides and the one that were
used for the susceptibility model.  The final factors select in not an indication that the other
factors are not significant contributor to slope instability only that final combination is best for
the prediction of the expect outcome (presence/absence of landslide). 
Table 4  Results from logistic regressions analysis, final iteration 
Factor/constant Categories Coefficient
Proximity to faults 0.411
Slope angle 0.637
Lithology*
Shale/sandstone 0.231
Intrusive -2.485
Volcanics -0.102
Volcaniclastics -0.109
schist 0.305
Alluvium -10.441
Sedimentary 0.230
White limestone 0.312
Marble -10.2
Yellow limestone 0.23
Coastal (reefal) 
limestone
0.01
Land-use*
Small 
fields/disturbed 
forest
0.217
Disturbed forest 0.030
Broadleaf forest -0.361
Arable Land 
(plantation)
-7.640
Tall open dry forest -.126
Urban 0.036
Constant -6.504
*as these are categorical data, the coefficient is calculated for each category
The coefficients calculated from the regression analysis were used as the weighting for each 
factor. These coefficient values were then inputted into equation 2 to create the final 
susceptibility map. As categorical data were used, equation 3 was modified to accommodate 
these changes
The coefficients calculated for each factor were input in equation 1, to calculate ‘Z’  for the
landslides in drift geology (eqn. 2). The modified equations derived are as follows:
Z= β0+ β1 (weighted proximity to fault classes) + β2 (weighted slope angle classes) +  +
Σ(βK Lithology K) + Σ(βm Land-use type m) (3)
 where   β0 = -06.504, β1 = 0.411, β2  = 0.637  and; 
Σ(βK  Lithology K)  =  (0.231*Shale/sandstone class) + (-2.485 *Intrusivee class) + (-0.102*
Volcaniclastics class) + 0.305*Schist  class) + (-10.441* Alluvium) + (0.230*Sedimentary)+
(0.312  *White  limestone  class)  +  (-10.2*  Marble)  +   (0.230*Yellow  limestone)  +
0.010*Coastal (reefal) limestone class);
 Where βK = coefficient  of the individual lithology classes,  LithologyK  =  weighted individual
lithology class)
Σ(βm Land-use type m) (0.217 * Small fields/disturbed forest) + (0.03* Disturbed forest class)
+(-0.361 * Broadleaf forest) + (-7.64* Arable land class) + (-0.126* Tall open dry forest) +
(0,036* Urban).
Where βm = coefficient  of  the land-use classes,  Land-usem  =  weighted individual  land-use
class)
3.4.1. The landslide susceptibility models
The landslide susceptibility models were created in the GIS by the combination of the relevant
weighted factor maps. This combination is dictated by logistic regression rules and based on
equations 1, 2 and 3. Only the factors indicated by the logistic regression model as being the
most useful in creating the susceptibility model were put into the GIS. The classes within each
factor  (variable)  were  firstly  reclassified.  This  was  achieved  by  assigning  the  density
calculation value for each class as its new value. In order to carry out the reclassification
exercise the Reclassification function from the Spatial Analyst™ extension in ArcGIS™ was
used. The map created is a weighted factor class map. Each weighted factor class map is
subsequently multiplied by the coefficient factor calculated by the logistic regression analysis.
This is achieved using the Raster Calculator™ in ArcGIS™. The Raster Calculator was again
used to combine the weighted layers in the manner stipulated in equation 3 to produce raster-
based maps with probability values assigned to each cell. These maps were then divided into
susceptibility zones to create susceptibility maps for the study area (see Figure 16).
Figure 16. Landslide susceptibility model create using Multiple logistic regression
4.   Intended use and limitation of the models
The susceptibility models created are intended for use as a general guide to depicting areas
of relative susceptibility to slope failure and as a predictor of landslide hazard at specific sites.
Areas of high and very high landslide susceptibility depict the potential for slope failure to
occur but do not depict: the time frame of the failure, the type of failure, the volume of the
material likely to be generated nor the path of any debris (Ahmad and McCalpin, 1999). The
models created are at a regional scale and cannot be used as a substitute for site-specific
work, and/or in place of professional advice from qualified geologists, geotechnical engineers
and planners  before  development  takes  place.  Set  in  this  context,  the following sections
explore each of the hazard zones in more detail. 
4.1   Low susceptibility zones
Areas  assigned  to  this  category  can  be  considered  least  susceptible  to  slope  instability.
These  are  areas  where  the  combination  of  factors  contributing  to  slope  instability  are
generally absent. These areas should remain stable unless there is extensive disturbance
from human activity or significant change in environmental/climatic conditions. A low level of
geotechnical  investigation is normally required for these sites as far as slope instability is
concerned.  For  small  developments  some soil  testing  may  be  required  but  usually  sub-
surface  investigation  by  drilling  is  not  required.  Although  there  is  a  low  probability  of
landslides all site development should be guided by stipulated planning and other building
regulations (Ahmad, 1999).
4. 2   Moderate susceptibility zone
The combination of factors contributing to slope instability is unlikely to result in landslides
unless the existing ground conditions are radically altered, for example as a consequence of
deep excavation during large site development.  Changing land-use and human disturbance
may  change  these  slopes  from  being  marginally  stable  to  unstable.  Changes  in
climatic/environmental conditions such as rising sea level and increases in rainfall intensity
and  duration  may  initiate  landslides  in  these  areas.  Low  to  moderate  geotechnical/
geophysical investigation may be required, depending on the scale and nature of proposed
development.  For medium to large-scale developments,  sub-surface investigation such as
drilling may be required, along with soil testing.  
4.3   High and Very High susceptibility zones
Within these areas the combination of factors contributing most to slope instability is normally
present.  Landslides are likely to occur within these areas as a result of human disturbance
and/or current environmental/climatic conditions.  Minor changes in ground-water conditions
(pore water pressure), increased surface run-off, slope undercutting and increases in slope
gradient may all result in slope failure.  A high level of geotechnical investigations may be
required for these areas including high density of core drilling, geophysical profiles, detailed
soil testing, monitoring of hydrological and hydrogeological conditions. Slopes may have to be
stabilized before development can safely take place. Stabilisation may be achieved through
engineering structures such as soil nailing, gabion baskets, rip rapped surfaces and retaining
walls, along with engineered drainage systems. Large-scale development within the areas
assigned  to  the  very  high  susceptibility  zone  should  be  avoided  unless  there  are  no
alternative areas available.
5. Conclusion
The  land  surface  of  St  Thomas  Jamaica  is  highly  prone  to  slope  instability  and  their
occurrences  in  the  past  has  left  a  trail  and  distruction  and  resulted  in  severe  economic
hardship  to  residence  within  the  area.  These  is  an increase  need to  know where  these
landslides are, mechanism of failure, where these landslides are likely to occur in the future
and most important how can their effect be mitigated.  This research aimed to remedy these
problems and has resulted in two useful  tools  that  may be used for  the management of
landslides in the area. 
The rainfall thresholding carried out (see Figure 10) yield an equation (I = 53.531×D-0.602
1 < D < 120) that may used to calculate the rainfall intensity require to trigger a landslides
based on the duration of the rainfall event.  Based on rainfall forecast, it is therefore possible
to calculate whether slope failure is likely to occur within landslide prone areas, before the
event and in this way implement appropriate (e.g. evacuation) plan to mitigate the effect of
slope failure.  The landslide thresholding can be used in conjunction with the susceptibility
model  created   by  this  research,  which  has  zone  the  land-area  into  various  level  of
susceptibility ranging from low to very high..
The susceptibility model may be used as tools to help reduce the loss associated with slope
instability from both existing and future landslides.  Using the model as guidance, citizens,
planners,  engineers  and  developers may  reduce  loss  due  to  slope  instability  through
prevention, mitigation and/or avoidance of areas prone to slope instability. In summary the
model may be used as a tool for;
1. Monitoring  and  regulating  new development  in  hazardous areas  guided  by  planning
controls (Ahmad and McCalpin, 1999).
2. Identification of areas where landslide mitigation is needed. In such areas, mechanisms
to reduce the impact of slope instability, for example by means of engineering structures,
planning and land-use control, may be implemented.
3. Discussion  and  adoption  of  appropriate  strategies  for  dealing  with  landslides  and/or
potential landslides.
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